University of Windsor

Scholarship at UWindsor
Electronic Theses and Dissertations

Theses, Dissertations, and Major Papers

2008

Metastable fragment production following electron impact on
small molecules and atomic oxygen
Wei Chui
University of Windsor

Follow this and additional works at: https://scholar.uwindsor.ca/etd

Recommended Citation
Chui, Wei, "Metastable fragment production following electron impact on small molecules and atomic
oxygen" (2008). Electronic Theses and Dissertations. 8061.
https://scholar.uwindsor.ca/etd/8061

This online database contains the full-text of PhD dissertations and Masters’ theses of University of Windsor
students from 1954 forward. These documents are made available for personal study and research purposes only,
in accordance with the Canadian Copyright Act and the Creative Commons license—CC BY-NC-ND (Attribution,
Non-Commercial, No Derivative Works). Under this license, works must always be attributed to the copyright holder
(original author), cannot be used for any commercial purposes, and may not be altered. Any other use would
require the permission of the copyright holder. Students may inquire about withdrawing their dissertation and/or
thesis from this database. For additional inquiries, please contact the repository administrator via email
(scholarship@uwindsor.ca) or by telephone at 519-253-3000ext. 3208.

Metastable Fragment Production following Electron Impact on Small
Molecules and Atomic Oxygen

by
Wei Chiu

A Thesis
Submitted to the Faculty of Graduate Studies
through the Department of Physics
in Partial Fulfillment of the Requirements for
the Degree of Master of Science at the
University of Windsor

Windsor, Ontario, Canada
2008
© 2008 Wei Chiu

1*1

Library and
Archives Canada

Bibliotheque et
Archives Canada

Published Heritage
Branch

Direction du
Patrimoine de I'edition

395 Wellington Street
Ottawa ON K1A0N4
Canada

395, rue Wellington
Ottawa ON K1A0N4
Canada

Your file Votre reference
ISBN: 978-0-494-47053-4
Our file Notre reference
ISBN: 978-0-494-47053-4

NOTICE:
The author has granted a nonexclusive license allowing Library
and Archives Canada to reproduce,
publish, archive, preserve, conserve,
communicate to the public by
telecommunication or on the Internet,
loan, distribute and sell theses
worldwide, for commercial or noncommercial purposes, in microform,
paper, electronic and/or any other
formats.

AVIS:
L'auteur a accorde une licence non exclusive
permettant a la Bibliotheque et Archives
Canada de reproduire, publier, archiver,
sauvegarder, conserver, transmettre au public
par telecommunication ou par Plntemet, prefer,
distribuer et vendre des theses partout dans
le monde, a des fins commerciales ou autres,
sur support microforme, papier, electronique
et/ou autres formats.

The author retains copyright
ownership and moral rights in
this thesis. Neither the thesis
nor substantial extracts from it
may be printed or otherwise
reproduced without the author's
permission.

L'auteur conserve la propriete du droit d'auteur
et des droits moraux qui protege cette these.
Ni la these ni des extraits substantiels de
celle-ci ne doivent etre imprimes ou autrement
reproduits sans son autorisation.

In compliance with the Canadian
Privacy Act some supporting
forms may have been removed
from this thesis.

Conformement a la loi canadienne
sur la protection de la vie privee,
quelques formulaires secondaires
ont ete enleves de cette these.

While these forms may be included
in the document page count,
their removal does not represent
any loss of content from the
thesis.

Bien que ces formulaires
aient inclus dans la pagination,
il n'y aura aucun contenu manquant.

Canada

AUTHOR'S DECLARATION OF ORIGINALITY

I hereby certify that I am the sole author of this thesis and that no part of this
thesis has been published or submitted for publication.
I certify that, to the best of my knowledge, my thesis does not infringe upon
anyone's copyright nor violate any proprietary rights and that any ideas, techniques,
quotations, or any other material from the work of other people included in my thesis,
published or otherwise, are fully acknowledged in accordance with the standard
referencing practices. Furthermore, to the extent that I have included copyrighted
material that surpasses the bounds of fair dealing within the meaning of the Canada
Copyright Act, I certify that I have obtained a written permission from the copyright
owner(s) to include such material(s) in my thesis and have included copies of such
copyright clearances to my appendix.
I declare that this is a true copy of my thesis, including any final revisions, as
approved by my thesis committee and the Graduate Studies office, and that this thesis
has not been submitted for a higher degree to any other University or Institution.

iii

ABSTRACT

This present work describes the observation of the metastable species O ( S)
fragment following the dissociation of molecules CO2 and CH3OH by pulse electron
impact. The pulse of electron beam, target gas beam and the axis of detector are
arranged perpendicular to each other. The detector which is sensitive to O ('S) atoms
consists of a thin layer of freshly deposited xenon on its surface. O ('S) atoms and
xenon quickly form excimer XeO* and rapidly decay producing easily detected
photons. In the case of CO2 and CH3OH, the results indicate that the production of
metastable O (!S) of CH3OH is about 2% to 8% in comparision to CO2. The Time-ofFlight spectrum and Released Kinetic Energy distribution are presented for each target
gas. By using relative flow technique, the cross section curve of CH3OH from 0 eV to
300 eV is presented by using CO2 cross section values as reference.
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CHAPTER 1
INTRODUCTION

The electron-impact dissociation of molecules plays an important role in several
research areas such as aurora spectra, low-temperature plasma dynamics and
biochemical research. The translational spectroscopy technique is widely used to obtain
the information of repulsive and predissociative molecular states. This technique can
also be used to calculate the relative cross section values of the different possible
fragments.
Generally, a target molecule is excited by the short electron pulse. Different
fragments such as molecules, atoms, radicals or ions are produced after the electronmolecule collision. It is possible for unstable fragments to decay into smaller stable or
metastable fragments. Fragments can come from different dissociation processes
(production channels) and are captured by the detector placed at a long distance from
the collision region. A Time-of-Flight spectrum is plotted according to the arriving time
of the fragments. Those long-lived fragments can be used to monitor the molecular
dissociative excitation processes.

Experimental Goal
In our experiment, we detected the O (*S) metastable fragments by using the cross
electron beam impacting on the target molecular gases beams of carbon dioxide (CO2)
and methanol (CH3OH). The resulting Time-of-Flight spectra can be transformed into
Released Kinetic Energy distributions and uncalibrated relative excitation curves to
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analyze the experimental data. Then, we calculate the calibrated cross section values of
O (!S) metastable fragments by using the relative flow technique under molecular flow
conditions.

Carbon Dioxide
Carbon dioxide (CO2) is one of the fundamental molecules in the planetary
atmosphere. Atmospheric concentrations of carbon dioxide fluctuate slightly with the
change of the seasons, falling during the spring and summer as plants consume the gas,
and rising during the fall and winter as plants go dormant, die and decay. On Earth,
CO2 is involved with the behaviours of life-forms and is responsible to the process of
global warming. CO2 is widely used in gaseous discharges in the laboratory or lowtemperature plasma devices such as the gas-discharge lamps.
CO2 is one of the simplest polyatomic molecules. The CO2 studies are important
from the viewpoints of atomic and molecular physics. The study of electron (or photon)
impacting with CO2 is one of the basic processes involving the electron-molecule
collision. The process has been studied both experimentally and theoretically by many
authors.
Itikawa [1] made a comprehensive set of cross sections for a number of specific
processes (e.g. total scattering, elastic scattering, and momentum transfer, excitations of
vibrational and electronic states, ionization, and electron attachment) for electron
collision with CO2. Allcock and McConkey [2] performed kinetic energy measurements
of neutral fragments (high-Rydberg and/or metastable) resulting from CO2 dissociation.
There is an abundant production of excited O fragments when electron impact energy is
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around 40 eV. Schiavone [3] discovered that the effect of complete dissociation may
lead to three-body molecule-ion dissociation processes beyond 40 eV. Crowe and
McConkey [4] measured the cross section for CO+, 0 + and C+ production and the
angular distributions as a function of electron impact energy. As expected by Dunn's
selection rules [5], they found that ion-fragment production is strongly anisotropic
below 30 eV, becoming almost isotropic at energies above 50 eV. Velottat and
Girolamot [6] reported on translational spectroscopy of CO+, 0 + and C+ in the electron
impact energy range of 40 ~ 130 eV, the threshold for C formation from CO2 as well
as the production mechanism.
Early TOF studies of the break-up of CO2 into metastable fragments under
electron impact reported that CO (a 3 n) molecules were produced with high efficiency.
Brief reports by Allcock and McConkey [2] used a Rydberg detector, enabling Rydberg
species to be definitely identified. Some clarification of the CO2 dissociation pattern
has been achieved. Strickland and Green [7] have calculated a cross section for the
metastable O (*S) based on the Bethe-Born approximation using an oscillator strength
measurement from electron energy loss spectroscopy (EELS). McConnell and McElroy
[8] later corrected their calculation by a factor of 2.5 because a cascade contribution of
CO (a 3 n) was taken into account.

Methanol
Methanol (CH3OH) is also one of the simplest polyatomic molecules. The
CH3OH studies can be seen as the intermediate cases between large and small molecule
limits. CH3OH is often compared with H2O because of the similar molecular structure,
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except one of the hydrogens in water is replaced by the methyl group. Because of the
important hydroxyl group and methyl group in chemistry and biology, the CH3OH is a
suitable model system for analyzing the electron interactions with small bio-molecules
and extends the scale to large bio-molecules.
The study of electron (or photon) impacts with CH3OH has also been studied
experimentally and theoretically. Burton et al. [9] reported the partial photon-ionization
cross section values from ionization threshold up to 80 eV. Srivastava et al. [10]
extended the partial electron-ionization cross section values of cations from the
ionization threshold to 500 eV and 1000 eV. Hudson et al. [11] have reported the total
electron-ionization cross section values from 0 eV to 300 eV. Pal [12] has reported the
total cross section values of twelve possible cations from the CH3OH dissociation by
using the sum of partial differential cross section values of each cation.

O (XS) Fragment Detection
According to Itikawa and Ichimura [13], O (lS) is difficult to observe in
experiments because of its long lifetime of 0.8 s. The transition from O (*S) to O ('D) is
impossible to observe because the experimental flight time is too short compared to its
lifetime. Therefore, the atom will not decay before reaching the detector.
Efforts were made by Kiefl et al. [14] using a detector made from solid xenon
(Xe). O ('S) atoms reaching the Xe layer produce the excimer XeO* emission in
several nanoseconds. The emission is captured by the detector in the observation region
during the experiment. LeClair and McConkey [15] have suggested new techniques to
overcome troubles using this detection method.
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Structure of Thesis
The body of this thesis is organized as follows.
Chapter 2 explains the fundamental theory and experimental uncertainties.
Several methods and formula are used to analyze the dissociation processes.
Experimental results are interpreted based on these analyses.
Chapter 3 describes the experimental apparatus. Every part of the apparatus
structure is explained in detail.
Chapter 4 presents the experimental O ( S) data for target gas CO2. Several
diagrams such as TOF spectra, RKE distributions and calibrated cross section curves
are presented in order to analyze the process of CO2 dissociation. Reference data from
previous work is also employed to identify or compare signals to our experimental
results.
Chapter 5 presents the experimental O ("S) data for target gas CH3OH. Some
assumptions have been made to simplify the process of CH3OH dissociation and some
predictions are based on the experimental result. Several diagrams such as TOF
spectrum and RKE distribution are presented in order to analyze the process of CH3OH
dissociation. The calibrated cross section curve is obtained by using the relative flow
technique and a computer polynomial fitting program.
Chapter 6 gives the conclusion of this experiment and some suggestions to
improve future work.
Chapter 7 introduces the present work on O (5S) that related to this experiment.
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CHAPTER 2
BACKGROUND

Dissociation Process
A series of molecular state transitions from a bound state to a repulsive state are
considered to be molecular dissociation processes. Molecular energy consists of four
parts: both kinetic and potential energies of electrons and nuclei. With the change of
inter-nuclear distance between the nucleus, changes must be made for electron kinetic
and potential energies as well as the nuclei's potential energy. Therefore the electron
energies and the nuclear coulomb potential energy usually work together as the
effective potential energy of the molecule, during the motion of nuclei.
The effective potential energies of a diatomic molecule are described by a series
of potential curves which describe the electronic states. If a curve has a minimum, the
electronic state corresponds to a stable or bound state with equilibrium inter-nuclear
distance. If a curve doesn't have a minimum, the electronic state corresponds to an
unstable or repulsive state.
According to the Frank-Condon principle, when a molecule undergoes a transition
between electronic states, the position and relative velocities of the nuclei as well as
molecule itself are virtually unchanged during the transition. The reason is that
electrons are so much lighter than the nuclei. Therefore, the total wave function of the
molecule can be separated into electronic and nuclear parts (Born-Oppenheimer
approximation).
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Figure 2.1

Potential curves for a hypothetical diatomic molecule AB.
(a) Dissociation from a pure repulsive state.
(b) Dissociation from a repulsive wall of a bound upper state.

Figure 2.2

Released kinetic energy distributions for process (a) and (b).
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Let us apply the Frank-Condon Principle on two distinguished cases of
dissociation:

(a) Dissociation from a pure repulsive state
Consider the effective potential energies of a diatomic molecule AB in Figure
2.1(a). The potential curve for ground electronic state is labelled as X. The minimum in
this potential curve for state X is a bound molecular state. The region spanned by the
two classical turning points of the wavefunction v = 0 in the ground state X defines the
Frank-Condon region.
The potential curve for higher electronic state is labelled as Y. The potential curve
for state Y describes a repulsive molecular state. At the large inter-nuclear distance, the
parent molecule, in the simplest case, separates into atoms A and B*, where B* is the
metastable state of B.
Suppose that molecule AB is originally in state X and the atoms are separated by
a distance r'. During the collision, the molecule will absorb enough energy to cause a
transition to state Y. The transition will occur vertically with the same position r'
according to Frank-Condon principle. Then the molecule will separate into state A and
B* with released kinetic energy E'. In the instance of another collision, the molecule
AB is separated by a distance r". With the same process, the released kinetic energy
will be E".
From the many collisions that result in transitions from state X to state Y, the
released kinetic energy (RKE) distribution can be developed. The shape of the RKE
distribution arises from the reflection of the wavefunction inside the Frank-Condon
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region by the potential curve of state Y. Such processes always have RKE distributions
illustrated in Figure 2.2(a).

(b) Dissociation from a repulsive wall of a bound state
What if the upper state Y has a potential well that partially overlaps the FrankCondon region in Figure 2.1(b)? That is, if the vertical transition occurs at inter-nuclear
distance r', there will be no dissociation hence no released kinetic energy. Some
vibrational level of state Y will be populated instead. On the other hand, the vertical
transition which occurs at an inter-nuclear distance r" can make the dissociation
happen. The RKE distribution is just like the last case, but with finite value of RKE
distribution at zero kinetic energy. The degree of zero kinetic energy depends upon the
amount of overlap between the potential wall of bound state Y and the Frank-Condon
region of state X. Such a process will have a RKE distribution illustrated by Figure
2.2(b).
If the upper bound state Y completely overlaps the Frank-Condon region,
dissociation will not take place, unless the potential curve of the upper bound state Y
crosses with another repulsive state. In this case, the molecule will be excited to the
upper bound state Y without radiation to the repulsive state after a certain lifetime and
then it begins to dissociate. This process is called pre-dissociation.
It is possible to construct a qualitative potential curve for the repulsive state in the
Frank-Condon region using the measured RKE distribution. Before doing this, the
threshold energy for the dissociation process (production channel) must be known or
measured. Threshold energy will position the potential curve of the repulsive upper
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state with respect to the lowest vibrational level of the ground bound state. Such
information is useful for theorists to check their calculations of qualitative potential
curves.
For a polyatomic molecule e.g. ABC, as long as it can be divided into two
fragments, e.g. A and BC, the rule still applies. The potential curve line would be a
potential curve surface in this case. The analysis of the RKE distribution is even more
complicated since the fragments could vibrationally and rotationally be excited,
differing from the diatomic case. The dissociative state could be partitioned into
translational, rotational and vibrational energy of the fragments. In this case, it will not
be possible to deduce a repulsive potential curve surface for dissociation from RKE
distribution.

Time-of-Flight Spectra and Released Kinetic Energy Distributions
In a typical electron or photon impact dissociation experiment, a short pulse of an
electron or photon beam is aimed to collide with a target molecule beam. When the
target molecules in the collision region are excited by the electron pulse, both photon
emission and dissociation processes happen. Photon emission captured by the detector
right after the electron pulse is on. Therefore, photon emission is taken as the zero mark
of time scale. Fragments of the dissociation process take longer times to fly and are
captured by the detector at a distance of D away from the collision region. This
distribution of delayed fragments caught by the detector over time is called Time-ofFlight (TOF) spectrum in Figure 2.3.

10

Intensity

•

Time
Figure 2.3

A typical TOF spectrum under specific electron impact energy E.

In all of the TOF experiments, the detection of energetic metastable particles is
needed. An obstacle that will be addressed is the identification and mass of the
fragment reaching the detector. In order to identify the fragments, all possible
metastable fragments produced by electron impacts, as well as the metastable states of
the molecule itself, should be known. It is important to find a suitable detector for the
identified fragments. For complex molecules, since more than one different metastable
fragment will be produced after electron impact, it is recommended to use a selective
detector which is only sensitive to a particular metastable state. In the following
discussion, we assume that the identification and mass of detected fragment are known
in order to analyze TOF spectrum.
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The fragment kinetic energy (FKE) distribution can also be determined by TOF
spectrum. The information can be useful in understanding chemical reactions with fast
fragments, such as auroral research in the upper atmosphere. Molecular structure can
also be determined by TOF spectrum.

Intensity

Intensity

E eV
Kinetic Energy

Figure 2.4

The FKE distribution converted from the TOF spectrum.

We know that
1 (D}
FKE = -m —
2

(2.1)

[tj

Where m is the mass of the detected fragment, D and t are the traveling distance and
time of the detected fragment from collision region to the cold finger.
Since the area under TOF spectrum f(t) must be equal to the area under FKE
distribution F(FKE)
\f(t) dt = J - F(FKE) dFKE
it follows that
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(2.2)

F(FKE) = -^f(t)
mD

(2.3)

Since the diatomic molecule undergoes dissociation, the released kinetic energy (RKE)
follows the conservation of momentum and becomes
RKE FKE
M
ni

(2.4)

F(RKE)M)F{FKE)M)-^f{t)
\M J

(2.5)

\MjmD

where m is the mass of a detected fragment and m' is the mass of an undetected
fragment. The mass of the parent molecule is M = m + m'.
The RKE distribution can be viewed as a reflection of the ground state wave
function of the nuclei acting on the repulsive potential curve. Notice that that the FKE
or RKE distribution diverges at low energies with respect to the t factor due to the
background noise present in the experiment.

Excitation Function
In the previous section, it was shown that the RKE distribution can be converted
from a TOF spectrum and has a relationship with the molecular upper repulsive
potential curve in Frank-Condon region if the parent molecule is a diatomic molecule.
Another data analysis which is called the excitation function can also be converted from
TOF spectra to give further information about the molecular repulsive potential curve.
A series of data points can be made by integrating the fragment signal area as
total incoming signals over how many times the electron gun is triggered, namely
metastable count rate, for that particular electron impact energy for every TOF
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spectrum. Notice that the signal area may have contributions from several dissociation
processes (production channels). The curve of the metastable count rate as a function of
electron impact energy is called the excitation function.

Metastable
Count Rate

Intensity

S per trigger

E

Figure 2.5

Electron impact Energy

A specific data point on the excitation curve is calculated from the TOF
spectrum.

The intercept of each slope on the energy axis corresponds to the threshold energy
of a particular metastable fragment. There can be sharp changes in slope since other
metastable production channels become available with higher electron impact energies.
According to LeClair [16], these channels arise either because: (a) higher lying
molecular states which are metastablely dissociatable become energetically accessible,
or (b) higher lying molecular states produce fragments in other excited states which
cascade to the metastable being detected. Changes are observed in the structure of TOF
spectrum as well as in RKE distribution when additional channels appear.
The excitation function is usually selected for specific time window of the TOF
spectrum. Therefore, the excitation function is also called the windowed excitation
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function. That is, incoming detected fragments in a specific selected TOF interval are
accumulated as a function of electron impact energies.
By combining the information on the RKE distribution and the excitation function,
a portion of the repulsive potential curve in the Frank-Condon region can be
reconstructed.

RKF

EA

+

EB

Ed

Figure 2.6

Inter nuclear potential curves for a diatomic molecule AB.

Consider a transition between bound state X and repulsive state Y of diatomic
molecule AB in Figure 2.6. Only the fragments within the narrow range of flight time,
centered on a specific value of RKE, as indicated above are counted by changing the
electron gain.
From diagram, the threshold energy (£,/,) and the dissociation limit energy (E^i) are
defined as
Eth=EA+EB+Ed+RKE
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(2.6)

Edl=EA+EB+Ed

(2.7)

where Ed is the minimum dissociation energy.
Elh = Edl + RKE

(2.8)

recall that
/

RKE =

Mns\ FKE

(2.9)

therefore,
FKE

rm

')(Elh-Edl)

(2.10)

If the threshold energies corresponding to various FKE are measured, it is possible
to plot a FKE versus Ett, diagram. The diagram is expected to be a straight line with
slope m'/M with an intercept of Edi- The location of repulsive potential curve in the
Frank-Condon region can be found by using the dissociation limit energy and minimum
released kinetic energy observed on the TOF spectrum. According to Allcock and
McConkey [2], it is also possible to identify the unknown detected fragments from the
slope of FKE versus the E,t, diagram and equation (2.10).
The shape of the excitation curve can also be used to identify the detected
fragments and provides useful information. According to Henry et al [17], if the
transitions in target molecules are between optically allowed states, the energy
corresponding to the maximum of excitation curve should be about 5 times that of the
threshold energy, and then falls off with ln(E)/E dependence. If the transitions in target
molecules are optically forbidden transitions, the excitation curve will rise sharply at
the threshold and then fall off with E~3 dependence. For simple molecules, after
identifying the types of transitions, the dissociation processes can then be figured out.
16

Angular Distribution of Fragments
During the dissociation process, the fragments tend to fly apart in the direction of
vibration instead of rotation because of the fast collision. An anisotropic distribution
will occur if the parent molecule has a preferred direction before the collision. That is,
the fragments after collision will follow the preferred direction with higher percentage
than other directions.
According to Dunn [5] and Zare [18], a significant anisotropic distribution only
appears for simple molecules like H2, near the threshold energy. According to Misakian
[19], the isotropic distribution takes place at higher impact energies. In our
experiments, since the target gas molecules are not simple and the electron impact
energy is high enough to make inelastic collisions, isotropic distributions will occur.
That is, fragments are assumed to fly apart identically in all directions.

Integral Cross Section
The integral cross section value is a measurement of probability of incident
electrons colliding with the target gas molecules. This probability can be seen as the
proper "area" where the dissociation process happens. If electrons strike this area, the
molecule will be excited to a state which dissociates into the metastable fragments. In
practice, the integral cross section value is not a constant and depends on the impact
energy instead.
In fact, the excitation function is often called the "relative" cross section since the
metastable count rate is proportional to the integral cross section value. As mentioned
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earlier, the excitation functions of metastable fragments are usually recorded as the
metastable (signal) count rates as a function of electron impact energies, which is only
recognized by private experiments. In order to make the excitation function data useful
to other scientists, the metastable (signal) count rate should be converted into a more
practical unit to make it universal. Therefore, with appropriate calibration, the integral
cross section value is introduced to replace the metastable (signal) count rate.
Metastable fragments are produced as follows:
Consider a beam of electrons with intensity / passing through an infinitesimal
volume element of gas at density N in positive z direction. The infinitesimal volume
element of gas has thickness dz and area A.
dV = Adz

(2.11)

dI = -INcrndz

(2.12)

where the cross section value <jn has the dimension of area.
The fraction of current impacting on molecules results in an excitation from the
ground electronic state y/0 to a dissociating quantum state y/n. This will be equal to the
cross sectional area of all the molecules in the infinitesimal volume element of gas over
the cross sectional area of the beam.
dl
/

NvndV ^

(2_13)

A

The emission rate of metastable fragments dM should be equal to the loss of
current -dl since the metastable fragments are produced by the current.
dM = -dI = INandz
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(2.14)

Rewrite the current as the product of concentration of electrons Ne times the
relative velocity of electron ve in the center of mass frame through the area of gas.
I = NeveA

(2.15)

The number of metastable fragments released per unit volume per steradian is
dM

dVdQ.

^-NyeNcjn
An

(2.16)

Since the metastable fragment emission is isotropic in all directions, the dependence of
xyz coordinates in the collision volume is introduced.
^

^
aVaQ

= ^-Ne(X,y,Z)ve(X,y^N(X,y,Z)^
An

(2.17)

By integrating the equation over entire collision volume and the solid angle, the
theoretical estimated count rate of metastable fragments is then calculated. One
problem is that the integration is not easy in practice, but there are some very good
approximations that can be used.

(a) Bethe-Born Approximation
If the dissociative state is directly accessed from the ground state to perform a
dipole-allowed transition, the Bethe-Born approximation is used to make a relative
excitation function measurement. The advantage of Bethe-Born approximation is that
the determinations of detector efficiency and absolute target gas number density will be
taken care of. This is the most commonly used calibration method when studying
electron impact excitation and ionization of atoms and molecules.
Suppose the incident electron of mass m with velocity v impacts on the stationary
atom of mass m'. The atom is excited from the ground state y/0 to a final state y/n and
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then dissociates. The electron is scattered into an infinitesimal solid angle dQ. with
polar angles (9,</>) with respect to the center of mass frame. The geometry is shown in
figure 2.7.

A

O
Figure 2.7

O

Scattered
electron

Incident
electron

Geometry of the electron scattering.

The goal is to measure the partial differential cross section—-. After integrating
dQ
over the solid angle using polar angles, the integral cross section on can be obtained.
The differential cross section da„ is described as
M2
k'\
dcr„ =
\Ln ft ) &
where M - mm' /{m + m') is the reduced mass of the system,
HK = h(k - ft') is the momentum transferred from the electron to the atom,
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Z is the number of atomic electrons,
r, • • -rz is the coordinates of the atomic electron,
r is the coordinate of the impact electron,
V is the potential between impact electron and stationary atom.

Stationary
multi-electron
atom

Incident
electron

Figure 2.8

Geometry of coulombic potential between the incident electron and the
stationary multi-electron atom.

For potential is usually chosen to be coulombic potential in Figure 2.8

L
- r
j-\\r-r,

r

where Ze is the charge of nucleus and Q is the charge of impact electron.
If the collision is just between an electron and an atom at room temperature, the
reduced mass can be substituted by mass of electron m. The relative velocity in center
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of mass frame can be substituted by the laboratory frame. The charge of the impact
electron is e.
By using a Fourier transform
iK-r

Ir

,

An

iK-r,

(2.20)

-,dr = —e '
K2
-r,

the equation (2.18) will become a matrix
4m2e4 k' 1
¥
h* k KA n

d<7„

iK-r,

Wl

iK-r,

where the matrix element s„ \K) = (wn

dQ.

(2.21)

7=1

Vo

(2.22)

Because of the random atomic orientation after molecular dissociation, the
differential cross section dan is axially symmetric around the incident direction with
angle (j>. On the other hand, the differential cross section dan depends on the scattering
angle 6.
Combine the equation (2.21) with the relationships
K2 =k2

+k'2-2kk]cos0

dQ = In sin 6d0 = n d{K2 )l kk'

(2.23)
(2.24)

the equation can be rewritten as
dcr„

An me

r

1 1
2l

k

irA

K
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^(Kfd(K2)

(2.25)

1 2
h2k2
Furthermore, if the electron impact energy E = -mv =
and recoil energy
2
2m
2 j^2

w

2m

are introduced in equation (2.25), the differential cross section can be

expressed as
£
^=~7\7te
n{Kfd{\nW)

d

(2.26)

EW

Another quantity Bethe introduced is called the generalized oscillator strength.
The generalized oscillator strength/,(X) is a generalization of the optical dipole
oscillator strength^. The optical dipole oscillator strength defines the magnitude of
photo-absorption into the nth state of the target atom. The expressions are as follows:
(2.27)

2 2
/»M =K7sr-r%kW
a0 R

f = J _ ^ ¥„\rWt
2 p
a0 R

(2.28)

Jn

where the Bohr radius a0 = h I m e =0.52918x10 cm, and the Rydberg energy
R = me4/2h2

=13.606eF.

By expanding the equation (2.27) into a Taylor series, the first order of AT term
dominates when K is close to zero.
z
V

*„(*)=>» y=i

i

s

z (

iKr

¥o)^{¥n

\ + iK- r, +
;

J-l{

fc-rj} , (iK-r,)
2!

3!

+ • ¥t
(2.29)

The relation between two oscillator strengths is as follows:
KmfH(K)=fn

K->0

23

(2.30)

Equation (2.30) states that a charged particle impacting on an atom stimulates
photon-absorption in high energy limit. That is, if high impact energy E is much greater
than the dipole energy E„, the momentum transferred from the electron to the atom is
small and K is close to zero. The incident electron will be scattered nearly forward
without changing its direction and the generalized oscillator strength can be replaced by
the optical oscillator strength.
According to Inokuti et al. [20] and LeClair [16], integrating equations (2.26),
(2.27) and (2.30) over the recoil energy Wobtains the integral cross section
4xa02R2fn.
(4C„E^
a =
»
^-b
R
EK

(2.31)

{

where C,

Ka0R^

V

E

»

K is average momentum transferred during collision.
J

As mentioned earlier, for optically allowed transitions, the excitation curve or integral
1 (F)
cross section should fall off with — — dependence. From equation (2.31), the
E
i (F\
expression indicates that there is — — dependence for high energy collisions.
The advantage of the integral cross section equation is that once the dipole
oscillator strength^ and constant Cn are known, the absolute cross section value can be
calculated. In order to find out C„, the required condition is that all the particles in
excited state y/n should be excited directly from the initial state y/Q. If there is nonneglected transferred energy from other excited states during collisions, the calibration
scale is needed for rescaling the optical oscillator strength.
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The Fano plot, the plot of product of metastable (signal) count rate and electron
impact energy versus the logarithm of electron impact energy, should fit the data into a
straight line at high electron impact energy. The intercept on the axis of logarithm of
energy will give Eint =

. Without knowing other experimental parameters, such as

detection efficiency or attenuation factor, the integral cross section can be calculated at
the rest energy range from the Fano plot.
The accuracy of this method depends on the accuracy of constant C„ if the optical
oscillator is known. Because the constant C„ is in the logarithm in equation (2.31), the
uncertainty of C„ only has small effect on the uncertainty of integral cross section crn,
AC E
provided that—-— » 1. This method provides high accuracy for calculating the
R
integral cross section values.
As for optically forbidden transitions, the first order K term in equation (2.29)
vanishes and the second order of K term dominates the whole equation. Optically
forbidden states are usually associated with excitation of metastable states. According
to Ochkur [21], the cross section value as well as excitation function falls off with E'3
dependence at high impact energies. Because the velocity of the incident electron is
comparable to the electron inside target atom, there is a high possibility of exchange of
electrons. As to higher electron impact energies, the velocity of the incident electron
becomes greater. In other words, the possibility of electron exchange becomes smaller
and decreases rapidly. Since the exchange of incident electrons with the electrons inside
the target atom at high electron impact energies is neglected, it is shown that the
excitation function falls off with E"x dependence in this case.
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This derivation is considered for the simple case with atoms, but the same
process is used with molecules. The state y/n would then be described as the excited
electronic states which result in dissociation and produce the detected metastable
fragments. The quantum states are described by rotational, vibrational and electronic
quantum number and effectively degenerate with respect to additional quantum
numbers. Molecular rotation and electron spin are neglected because of the high speed
collision and high impact energy in this experiment.

(b) Relative Flow Technique
Once the integral cross section value is calculated for one particular target gas, it
can be used as a reference for measuring the other target gases under identical
experimental conditions. Several correction factors, such as relative gas flow rate,
relative gas densities, and quantum efficiency, should be taken into account while using
this comparison.
If we integrate equation (2.17), the emission rate Mis
M(x,y,z) = — a \Ne(x,y,z)ve(x,y,z)N(x,y,z)dV
An

J

where Q is the solid angle subtended by the detector,
a is the cross section value of the target gas,
Ne is the concentration of electrons,
ve is the average velocity of the electron,
TV is the number density of the target gas.
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(2.32)

From Beer's Law, the attenuation factor of the metastable beam is due to the
collision with the background gas. Therefore, the attenuation should take into account
factors such as the number density of the background gas Nx and the cross section value
of background gas ax, into account.
The attenuation factor T is expressed as
T = exp{-NxcTxD)

(2.33)

where D is the en route distance that caused by background gas.
The quantum efficiency is the ratio between detected and actual metastable
fragments that produced by the impact collision. The metastable (signal) count rate Rm
is then obtained by multiplying the quantum efficiency q and attenuation factor T with
the emission rate M
Rm=qT

^a\NXx,y,z)ve(x,y,z)N{x,y,z)dV
An J

(2.34.a)

Notice that the in-flight radiative decay of metastable fragments is not considered here
and will be discussed later.
For a given well-collimated electron beam, the microscopic current density/' can
be replaced by the average current density as
Neve=j

=—

(2.35)

eA
where / is the current measured in the Faraday cup, and A is the cross area of the
electron beam.
The equation (2.34.a) then becomes
Rm=qTc7^—NV
47t eA
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(2.34.b)

It is usually assumed that the attenuation coefficient is approximately the same for
both gases. The ratio of metastable count rate between the known gas Rm and unknown
gas Rm' can be expressed as
Rm
RJm

aIN
crTN'

(2.36)

The unknown cross section value is calculated as
/? ' T

a'=cr-^-——
R-I'N'
m

\J

(2.37)

Furthermore, if the mean free path of the target gas beam is much greater than the
inner diameter of gas jet (capillary tube), the experiment is under molecular flow
conditions. According to LeClair and McConkey [15], under such conditions, the
number density of target gas is linearly proportional to the pressure of target gas
(source pressure) measured from the Baratron Gauge and the spatial distribution of
molecules within the target gas beam is determined by the geometry of capillary tube.
Therefore, the number density can be replaced by the source pressure as follow
N
P
— =—
N' P'

(2.38)

For advanced experiments, the signal intensity needs to be obtained from high
source pressure which should be at least higher than the molecular flow regime. A
method using prompt photons as the monitor of gas density is then applied.
Using equation (2.34.b), the photon count rate in the molecular flow regime of the
known gas is
RPmf=qPTcrP-^
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— NPmfV
An eA

(2.39)

The photon count rate in high source pressure of the known gas is
Rn=q,TcrP^—NPhV
An eA

(2.40)

Take the ratio
R

N

1K

iv

Pmf

RPh

(2.41)

Pmf

NPh

Same rule applies to the unknown gas and becomes
Nph
J

N pmf R-Ph ' R-Pmf

*Ph

^Pmf

(2.42)

R-Ph * R-Pmf

Because the mean free path is identical for both gases under molecular flow condition,
the above equation becomes
Nph
AT

ly

Ph

PPmf RPh I Rpmf
I

p

' D

I/ D

* Pmf "-Ph ' "-Pmf

I

N
ATI

(2.43)

iV

Finally, the equation (2.37) then becomes
a,=

P

CTKLL

rmfRnlRpmf

p r i p i n i / n i
-"•m •* rPmf nPh ' ^Pmf

v

'

Systematic Errors
(a) Uncertainty in time
The uncertainty of time At may come from the uncertainty of time bin and the
width of electron pulse. The TOF spectrum uses the multi-channel scaler to count how
many signals are being captured for each successive time bin. Each time bin has finite
width, therefore, there will be uncertainty between each successive time bin. The
uncertainty of time bin, Athm, is equal to the half of the time bin.
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The center of the electron pulse is served as the zero point of the time scale.
Changing the width of electron pulse will result in changing the TOF spectrum directly.
If the width of electron pulse, Atpulse, is increased, both TOF spectrum and RKE
distribution will be broadened respectively.
Comparing the uncertainty of time bin and the width of electron pulse, it is easy to
find out that the width of electron pulse is larger than the uncertainty of time bin.
Therefore, the width of electron pulse dominates the uncertainty of flight time. The
uncertainty of time bin is then negligible.

The effect to RKE distibution will follow the equation

*™l

= 2*l

RKE

t

(2.46)

Notice that the uncertainty of RKE distribution will become significant if the TOF
spectrum has short flight time.
In our experiment, the uncertainty of the time bin is 0.16 us and the width of
electron beam is 2 |as. The total flight time is 650 (as. The pulse width dominates the
uncertainty of flight time. Since the pulse width is way less comparing to the flight
time, the error in RKE distribution is negligible in this case.

(b) Uncertainty in distance
The uncertainty of distance AD may come from the diameters of electron and gas
beam, the angle of acceptance, spatial extent of the detector and flight distance.
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Similar to a finite pulse width, the flight distance is much larger than the other
factors and will dominate the uncertainty of the RKE distribution. The effect to RKE
distribution will follow the equation
ARKE

„A£>
=2

RKE

,_ ._
(2.47)

D

Notice that the uncertainty of RKE distribution will become significant if the TOF
spectrum has short flight distance.
It is assumed that the angle of acceptance and spatial extent of detector are less
than 1 % with error. In our experiment, the diameter of electron and gas beam are both
1 mm and the uncertainty of flight distance is 5 mm. The total flight distance is 265
mm. The uncertainty in flight distance is way less comparing to the flight distance.
Therefore, the error in RKE distribution is negligible in this case.
(c) Recoil effect
By assuming that the experiment is an inelastic collision, the electron pulse may
transfer partial momentum from electrons to the target gas molecules during the
collision. For relative heavy target gas molecules, the recoil effect is not significant.
According to Zipf [22], the recoil effect may result in the slightly spread in RKE
distribution.
In our experiment, since the carbon dioxide CO2 and methanol CH3OH molecules
are much heavier than the electron, the recoil effect is negligible.

(d) Thermal energy spread of the parent molecules
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When the parent molecule is being injected to the collision area to collide with the
electron beam pulse, it is assumed that the parent molecule has no thermal motion.
Unfortunately, the chance that parent molecule has thermal motion is high and should
be take into account.
If the parent molecule has a thermal motion component along the axis of the
detector, either a positive or negative influence (change of velocity) will affect the
metastable fragments.
The spread of RKE distribution will follow the equation
&RKE = 2pElhRKE

(2.48)

where Eth is the average thermal energy of the parent molecule.
Notice that the uncertainty of RKE distribution will become significant if the RKE
increases.
In our experiment, the thermal energy spread is been reduced using the cross beam
arrangement. That is, placing the electron beam, target gas injector and detector
orthogonal to each other to reduce the component of thermal motion along the detector
axis. The only problem is that we may lose those very slow metastable fragments since
their velocities only come from thermal energy motion of parent molecule.

(e) In-flight decay
In long flight distance experiments, if the metastable fragments have low kinetic
energy, the fragments may decay easily before reaching the detector. Therefore, the inflight decay usually happens at lower electron impact energy range. After transforming
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the TOF spectrum to RKE distribution, it is easy to see that the RKE distribution is then
influenced most at a lower energy range due to in-flight decay.
According to Mason and Newell [23], the uncertainty of in-flight decay could be
estimated if the lifetime of metastable fragment is known. The lifetime of O ('S) is
known about 0.72 s. Since the life time of O ( S) is much longer than the flight time
and no direct evidence shows that the O ('S) is been decayed significantly in our
experiment, the in-flight decay effect can be ignored.

(f) Detector response time
The uncertainty of detector response time may shift the whole TOF spectrum
toward longer flight times. From previous acknowledgement, the t3 factor dominates
when the signals have longer flight times if transforming the TOF spectrum to the RKE
distribution. With a slight shifting, the transformed RKE distribution could have serious
shape change. In our experiment, we have no evidence which demonstrates that the
detector has noticeable delayed response time to result in the shifting of the TOF
spectrum.
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CHAPTER 3
EXPERIMENTAL DETAILS
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Figure 3.1

A schematic diagram of the apparatus.
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The Vacuum System
The entire apparatus is shown in Figure 3.1. The O-ring sealed vacuum system
contains four turbo pumped chambers: the main cubic chamber, the T-shaped chamber
and the detector chambers (the deflection plate chamber and the cold finger chamber).
The minimum pressure of 2 x 10~7 torr could be reached.
In the main cubic chamber, a 1000 1/s turbo pump vacuums the air and a cold
cathode gauge (MKS-941) measures the pressure. The electron gun and target gas jet
are housed in the main cubic chamber. The T-shaped chamber is held on the right side
wall of the main cubic chamber and leads to the cold finger chamber inside the detector
chamber. The line of the cold finger chamber, electron gun and target gas jet are
aligned to be orthogonal to each other in main cubic chamber.
The electron gun is connected to the T-shaped chamber through a 4 cm diameter
pipe. Electrical connections are connected through a ceramic feed-through on the rear
flange of the T-shaped chamber. Another 1000 1/s turbo pump (Varian model TV-701)
is placed at end of the T-shaped chamber and evacuates hot filaments from the electron
gun. This pumping design shows that the corrosive action of 0 2 could be reduced and
the life time of the filament could be increased. The detail of the electron gun will be
discussed in next section.
The deflection plate chamber is also connected to the same turbo pump used in the
T-shaped chamber through a 4 cm diameter pipe. Products of dissociation will enter the
deflection plate chamber through two blackened apertures. The first aperture with
diameter 2.5 mm is located 2.2 cm away from the collision area (intersection of
electron gun and gas jet). The second aperture with diameter 2.5 mm is located 2.5 cm
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away from the first aperture. Both apertures are blackened with soot in order to reduce
the amount of filament light approaching the photo-multiplier tube.
The deflection plates are located between two apertures and are separated by 1 cm.
The effect of deflection plates is set to electrostatically remove ions and electrons as
well as to quench the Rydberg species. The third aperture with diameter 8 mm is
located 2.6 cm away from the second aperture. Since the cold finger chamber was
pumped through deflection plate chamber, the third aperture is used to control the
consumption of xenon by limiting the speed of pumping.
Products of dissociation will pass through three apertures to reach the cold finger
chamber. A thin solid layer of xenon will be deposited on the surface of the 45 degree
cold finger and acts as a mirror to redirect the path of products to the photo-multiplier
tube. The flight path D, which is defined from the collision region to the center surface
of the cold finger, is 26.6 ± 1.0 cm.
A gate valve is placed between the deflection plate chamber and the cold finger
chamber. When the filament in the electron gun needs to be replaced, the gate valve
will be closed in order to isolate the two chambers. A small 200 1/s turbo pump (Sargent
Welch 3134) controls the pressure of the cold finger and a butterfly valve is usually
closed to isolate the small turbo pump. In the previous work, the design was to avoid
the exposure of the detector chamber to the atmosphere in order to keep the cold finger
clean. A small window on the chamber will make it easier to monitor the xenon layer
on the cold finger.
Two large turbo pumps were backed with a large rotary vane roughing pump
(Varian DS 1002 3PH). The turbo pump connected to the detector chamber was backed

36

with a small rotary vane pump (Edwards ED 100). Fore-line pressure of rotary pumps is
measured by the Convectron gauges, which are controlled by corresponding controllers.
Safety interlocks are installed to shut down the turbo pumps in case of cooling water
interruption. Unfortunately, we do not have the safety interlocks to protect the pumps in
case of failure of fore-pumps. The vacuum environment is oil free to avoid the
contaminations of the cold finger caused by oil vapours.
The photo-multiplier tube is set in a cradle connected to a closed cycle cryogenic
refrigerator to control the temperature. An oil diffusion pump keeps the pressure around
10"6torr.

Electron Gun and Gas Jet
The simplified version of the electron gun follows the design of Ajello [24].
Basically, the electron gun has two electrodes (extraction electrode and collimation
electrode) and a filament. Figure 3.2 shows the structure of the electron gun.
A 0.75 mm wide iridium ribbon filament is welded on the filament holder and
carefully aligned with 1.0x5.0 mm slit. It typically requires 5 to 6 amps of current to
produce a usable electron beam. The filament holder and the slit are sandwiched by the
extraction electrode.
The extraction electrode is utilized as positive anode to extract the electrons
emitted by the filament. The purpose of extraction electrode is to reduce the effect of
scattering and secondary emission from the slit.
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Figure 3.2

The structure and orientation of the electron gun and gas jet from Ajello
[24].
SR - support rode, FH - filament holder, EE - extraction electrode, CE
- collimation electrode, CT - capillary tube, IC - inner cup, OC - outer
cup, MR - magnetic rode.
The position of magnetic rods is partially drawn with a light dot line.
The magnitude of magnetic filed along the electron beam axis according
to the scale at right is drawn with a heavy dash line.

Electrons that pass through the extraction electrode will enter the collimation
electrode. Since electrons in the beam are kept diverging because of the mutual
electrostatic repulsion by the Lorentz force, the permanent magnetic quadrupole around
the collimation electrode are used to provide the collimation of the electron beam. To
avoid the effect of the magnetic field produced by the permanent magnetic quadrupole,
every part of the electron gun except the molybdenum slit on the collimation electrode
is made of non-magnetic stainless steel.
A double Faraday cup is placed 4.5 cm away from the filament in order to monitor
the incoming electrons. The two Faraday cups are electrical insulated from each other.
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The inner Faraday cup with 9.4 mm diameter and 11 mm length is biased with respect
to the ground. It is designed to collect the diverging electron beam up to 99% accuracy
and the typical current is 1 mA d.c. in the absence of a gas jet. According to LeClair
[16], a plot of beam current versus beam energy monitored by inner Faraday cup and
the circuit of electron gun in pulse mode are shown below.

Figure 3.3

The electric circuit of the electron gun in pulse mode from LeClair [16].
F - filament, EE - extraction electrode, CE - collimation electrode, IC inner cup, OC - outer cup, FS - filament supply, FB - filament bias
supply.
The filament bias supply determines the energy of electrons along the
axis at the interaction region.
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Figure 3.4

The diagram of current entering the inner Faraday cup versus electron
impact energy using 0 2 as target gas from LeClair [16].

Stable and accurate power supplies are used to provide voltages and to define the
electron beam energy. The extraction electrode is biased at -10 V with respect to the
filament during operation. The electron pulse (2.5 to 70 us) is generated by applying a
+35 V pulse on the extraction electrode through a 0.1 uF capacitor. With a 50 Q. resistor
and a 200 pF capacitor, the coaxial cable is grounded to reduce the reflection of high
frequency components. Beam current could be adjusted by changing the extraction
pulse height. The pulse current will enter the inner Faraday cup and could be measured
by a digital ammeter with integration input. The pulse current measurements are tested
to have 0.5% relative accuracy.
The magnetic field is introduced by the permanent magnetic quadrupole which
consist of four electrically grounded Alnico-V magnetic rods. Each magnetic rod is
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1.25 cm in diameter and 15 cm in length, with their axis 2.5 cm apart from each other.
The purpose of this magnetic field is to collimate the electron beam. The axes of the
electron gun and Faraday cups coincide with the axis of symmetry of the magnetic
field. The measurements done by LeClair [16] show that the magnetic field off-axis has
small deviations of about 5% at a distance of several millimetres.
We optimize the beam alignment by rotating the magnetic rods to correct for small
field asymmetries. The result of the beam would be straight and uniform over its entire
length with virtually no current incident on the outer Faraday cup. If there is a possible
curvature in beam which changes the path D (uncertainty 3 mm) between collision
centres and detector, it could not be assessed.
Another consideration is the beam energy at the interaction region, EQ, which is
measured by the filament bias supply. According to LeClair [16], many factors could
affect EQ during operation:
(a) The energy of the entire beam varies over its height. Since the filament is not the
same electrical potential but with approximately 2 V difference, the electron energy
will have a distribution spread on the surface of the filament;
(b) Thermo-ionic emission results in a Maxwellian-type distribution of electron
energies when electrons leaving the surface of filament;
(c) Using dissimilar metals in the electric circuit would also affect the contact potentials
as well as energy;
(d) Chemical exposure to different gases from the interaction region could change the
work function of the filament surface as well as energy;
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(e) Mutual electrostatic repulsion of electrons in the beam could result in a depression
of the potential at the interaction region, such as the shift of threshold energy while
using high beam current;
(f) The voltage applied to the inner Faraday cup (above 50 V) could result in field
penetration. Field penetration extending into the interaction region could change several
volts of the average beam energy as well as the energy distribution over the collision
volume.
The capillary tube is made from stainless steel, 2.3 cm in length and 0.66 mm in
diameter. The axis of capillary tube, which is perpendicular to the axis of electron gun
and gas jet, locates 2.5 cm away from the filament. An MKS Baratron gauge is used to
measure the source pressure of target gases from the needle. At a typical operating
pressure of 10 torr, the background pressure of the main cubic chamber is 10~4 torr. The
target gas that is used in this experiment is nearly perfectly pure.

Detector and Cooling System
The cold finger is made from a solid copper rod 2.5 cm in diameter and connected
with a closed cycle cryogenic refrigerator. The cold finger has its 45 degree angle tip
polished to a mirror finish and the entire rod is plated by nickel. All parts of the rod
which are exposed to the vacuum system are covered with a 2.5 mm Teflon sleeve
except the 45 degree angle tip. A condensed xenon layer is readily deposited on the
nickel plated tip, but not the Teflon part.
A copper thermocouple, which is attached on the tip, is used to measure the
temperature of the cold finger. A small wire gauge is used to reduce heat conduction
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from the cold finger. Inside the vacuum system, the wires are passed through two
electrical feed-throughs which are sealed with solder. Outside the vacuum system, the
wires are soldered to copper wires to form a reference junction. The junction is then
placed in an insulating bottle with a thermometer at room temperature. The temperature
of the cold finger is obtained by measuring the temperature of this junction and using a
sensitive digital voltmeter (Fluke 8350A) to measure the resulting electromagnetic
field.
The whole cooling system consists of two parts: an expander (DE-202AF) and a
compressor (ARS-4HW). The expander, which is mounted on the cold finger chamber,
provides exposed first and second stage heat stations to the vacuum system. The
compressor is connected to the expander by two pressure gas lines according to the
principle of the Giffor-MacMahon refrigeration cycle. That is, the helium gas is
pumped from the compressor into the expander through a high pressure gas line and
takes the heat out of the expander. The gas then returns to compressor through low the
pressure gas line, getting compressed by the compressor before it starts the cycle again.
Through this cycle, the second stage heat station becomes cold when helium gas takes
out heat and the minimum temperature could be reached is about 9 K. Cooling water is
needed to maintain the temperature and safety during the compressor's operation.
Two silicon diode sensors (LakeShore DT-670) are used to measure temperature
and send voltage data. A sample sensor is attached to the tip of cold finger, while a
control sensor is attached on the second stage heat station. A temperature controller
(LakeShore 33IE) receives the voltage data from the sample sensor, translates data
inputs into temperatures using temperature responding curves, and sends out control
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signals to the control sensor to obtain the wanted temperature. The heater output could
supply up to 50 W of continuous power to a resistive heater.

Figure 3.5

The diagram of the cooling system from the manufacture menu and Liao
[25].
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Xenon is ejected into the cold chamber from a needle valve. A Granvile-Philips
Convectron gauge monitors the pressure of xenon out of the needle valve. During the
operation, the butterfly valve is closed.
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Figure 3.6

Xe - O (!S) potential curve and possible state transitions.
The dashed lines are taken from Dunning and Hay [26].
The solid lines are taken from Lawrence and Apkarian [27].
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0(*S)

0( 3 P)

After collision, the metastable atom O (*S) and xenon quickly form a weak bonded
excimer XeO* when reaching the tip in the cold finger chamber. The thermalization
time and radiative lifetime of the XeO* excimer is short enough to enable the use of the
solid xenon as a detector in TOF spectrum. Such excimers are in their excited energy
state instead of ground energy state and have rapidly emitted fluorescence
corresponding to the transition between energy states. In other words, this detector
method effectively shortens the lifetime of O ('S) so that emission can be conveniently
observed by photo-multiplier tube.
The photo-multiplier tube (Hamamatsu R943-02) is placed 23.6 cm away from the
xenon surface tip. The axis of the photo-multiplier tube is 45 degrees to the normal of
xenon surface, that is, perpendicular to the axis of the incoming electron beam. The
whole photo-multiplier tube is in a magnetically shielded cradle lined with Teflon and
coupled to the socket assembly (Hamamatsu E2762). The Teflon liner is necessary to
insulate the glass tube from the metal cradle because thermal stress could crack the
equipment. Each pin from the photo-multiplier tube is wired individually to the dynode
chain of resistors. Using a socket for too low temperature could have thermal strain on
the pins and crack the tube.
Provision exists for the placement of filters between the cold finger and photomultiplier tube. The filter lens is fixed therefore the slits are at their focal points. The
long wave passes through the filter which transmits 450 nm and above could be flipped
into position to eliminate second order images.
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The thickness and quality of the xenon layer on the cold finger tip could be
important factors to detection efficiency. High xenon vapour pressure could also cause
a high probability collision of xenon and O ('S), decreasing the metastable count rate.
The two Figures below, Figures 3.7 and 3.8, illustrate the pressure dependence and
temperature dependence of detection efficiency using CO2 as the target gas at electron
impact energy 100 eV. These two Figures are measured by Liao [25].
In our experiment, the xenon pressure dependence is close to LeClair [16] and
Liao [25]. The xenon temperature dependence extends LeClair's range since we use a
cryogenic refrigerator (expander and compressor) instead of liquid nitrogen. The lowest
temperature which can be reached is 9 K.
*

1

Pwmmmtr* (•stwrrj
Figure 3.7

The xenon pressure dependence of detection efficiency using CO2 as
target gas from Liao [25].
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The xenon temperature dependence of detection efficiency using CO2 as
target gas from Liao [25].

Data Acquisition
Standard Nuclear Instrumentation modules are used when the pulse signals are
processed after the photo-multiplier tube. A pre-amplifier (Ortec 9301D) with 10 times
gain is connected to the output of photo-multiplier tube. A timing-filter amplifier (Ortec
454) with 25 times coarse gain and time constant of 200 ns is connected to the output of
the pre-amplifier. A discriminator (Ortec 584) with a threshold of 0.4 volts is connected
to the output of Timing Filter Amplifier. The dark counts and noise from the photomultiplier tube will be optimally eliminated by this threshold level. A multi-channel
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scaler is connected to decimator to acquire the TOF spectrum. A counter is also
connected to the discriminator to monitor the count rate of signals.
The multi-channel scaler counts incoming signals with successive 320 ns for each
time bin, 2048 time bins in one trigger period. There is no dead time or missing counts
between time bins. A trigger activates one sweep over all time bins and accumulates the
counts for each bin. Since accumulation only occurs after each sweep is completed,
accumulation dead time is 150 us fixed overhead and 250 ns per bin each sweep. There
is also delay time needed before each trigger because the trigger to the first bin and
signal received by the multi-channel scaler are delayed. After applying repetitive
triggers on the multi-channel scaler, a list of count distributions for all accumulative
sweeps is obtained. With correct calibration, a TOF spectrum is then presented.
A homemade Master Clock with three delayed outputs is used to control the
timing of the operation. One of the delayed outputs triggers the electron gun, another
triggers the multi-channel scaler and the third one remains unconnected. The electron
gun could generate 0.5 ~ 70 \xs pulses. In our experiment, the electron gun is set to 5 us
delay relative to the multi-channel scaler. Therefore, the multi-channel scaler starts to
include the prompt photons in the TOF spectrum before the electron gun triggers.
Prompt photons and metastable fragments are generated from electron impact
excitation of target molecules in the interaction region after the electron gun fires.
Prompt photons are reflected by the xenon surface before scattering into the photomultiplier tube which serves as the zero mark on the time scale. After a certain time
period, metastable fragments then reach the xenon surface to produce the excimer
XeO* and emit fluorescence into the photo-multiplier tube.
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To acquire the excitation function, the delayed output of the master clock, which is
connected to multi-channel scaler, provides the trigger signal for the SR400. The
SR400 will control the power supply for the filament bias to produce a step-changing
voltage. A computer is using a special BASIC language written program to record the
experimental information such as time windows, voltage range and number of sweeps.
Accumulated data will plot the excitation function curve on the program.
Since we have a relatively weak signal from methanol (CH3OH), the excitation
curve can be hardly plotted from the SR400. Once the TOF spectrums are obtained for
CO2 and CH3OH, the RKE distribution and excitation curves are plotted by basic
calculation. Then, the CH3OH cross section values are calculated by using the CO2
cross section values as references by relative flow technique from Chapter 2.
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CHAPTER 4
CARBON DIOXIDE RESULTS

CO2 is a linear molecule with O-C-0 with a C, O bond length of 1.162 A, and an
ionization potential of 13.77 eV. CO2 was one of the molecules studied in the early
Electron-Impact-Dissociation (EID) Time of Flight (TOF) experiments.

Early Work
In Lawrence's work [28], the focus is placed on measuring the quantum yield of
CO (a3Ll) and O ('S) as a function of wavelength with respect to Photon-ImpactDissociation (PID).
With the dissociation process
hv + C02 ->C02* ->Co(x 1 Z + )+o( 1 S')

(4.1)

The O('S) threshold at 128 nm in Figure 4.1(b) has the dissociation limit of 9.64 eV.
The complex absorption spectrum of CO2 in this wavelength region does not permit a
positive identification of the parent states. The possible parent state, CO2*, might be the
same symmetry ground state *S u+.
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Figure 4.1

(a) Quantum yield of CO (a3IT) following PID of C0 2 from Lawrence [].
(b) Quantum yield of O (*S) following PID of C0 2 from Lawrence [].
The dot portion of the curve is questionable.
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In LeClair's work [16], three main 0 (*S) products are made from the dissociation
processes
e + C02 -+e'+C02' -> e' + CO(x]i:+)+o(]s)

(4.2)

e + C02 -+e'+C02* -+e'+Co(a3Il)+o(]

(4.3)

s)

e + C02 -»e'+C<92* -> e'+Co(b3i:+)+o(] s)

(4.4)

Notice that the significant amounts of CO (b3S+) are produced from dissociative
excitation of CO2 near the threshold energy. These states cascade to CO (a IT) state and
produce transmission range of U.V. filter. The corresponding threshold energies for O
(*S) products are 11 eV, 16 eV and 20.1 eV (assuming that fragment CO (b 3 I + ) and CO
(a3II) have the same kinetic energy).
Our O ([S) production uses the same process. Our focus is not on the threshold
energy or parent state reconstruction, but integral cross section values using the relative
flow technique. The approximate integral cross section values and calibrated excitation
curves from earlier works are good references to correct our work.

Time-of-FIight Spectra
Each spectrum is acquired during the same length of time using 2 JUS pulsed
electron beam with a 650 us flight time. The pressure of target gas injector has 4.5 torr.
The current of electron pulse has 5 uA.
The first common peaks at the beginning of the TOF spectrum are due to the
photons from the collision region during the exciting electron pulse. Prompt photons
are the result of the fluorescence decay of target molecules or the fragments excited by
electron impact. The long tail following the photon peak towards the metastable
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fragment signals extends a few more microseconds, depending on the lifetime of those
molecule or fragments. It is possible to assume the intensity of the tail decreases with
an exponential order of time. The centers of these peaks are considered as the starting
points of the time scale.
The features of peak, such as broadening, shift and height, are combinations of
several TOF signals results from different dissociation processes. At different electron
impact energies, each dissociation process (production channel) provides different
contributions to the peak as well as to the whole distribution.
Figure 4.2 shows that the relative height of major peak increases with respect to
the electron impact energy from 50 eV to 200 eV, then decreases from 200 eV to 300
eV. It is obvious that the maximum signal intensity happens at electron impact energy
200 eV from plot, which is also where the maximum signal area occurs.
As the electron impact energy increases, the major signal peak is slightly
broadened toward longer flight time. According to LeClair [16], there should be three
small major peaks resulting from three different production channels shown in Figure
4.3 instead of one giant major peak feature in Figure 4.2. Since our experiment period
is relatively short compared to LeClair's work, it is possible that the giant major peak is
the combination resulted from the three production channels.
As the electron impact energy increases, the center signal peak is slightly shifting
toward longer flight time, but this is not obvious. The shift is probably due to the later
production channel which dominates the contribution at higher electron impact
energies. As the result, the shape of the signal peak is slightly deformed with higher
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electron impact energy. In other words, the signal peak is moving away from the
prompt photon peak as the electron impact energy increases.

C02 TOF spectrum

Figure 4.2

Time-of-Flight spectra for O (*S) fragments produced from electron
impact dissociation of CO2 for short experimental period at various
incident electron energies indicated.
The two short lines indicate the signal area that will be integrated for
plotting the excitation function.
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Figure 4.3

Time-of-Flight spectra for 0 ('S) fragments produced from electron
impact dissociation of CO2 for long experimental period from LeClair
[16].
Notice that there are three main dissociation channels (2, 3 and 4) that
contribute to the major signal peak. Each dissociation channel dominates
at a different energy.
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Due to the fluorescence decay, the prompt photon peak is followed by a long tail
which extends toward the signal peak. Since the signal peak is so close to the photon
peak, the signal peak is actually a combination of signals, photons and noise. The
photon decay tail should be treated by an exponential order of time scale.
With a shorter experiment period like CO2, the signals are stronger than the photon
decay tail and noise. Photon decay tail and noise did not contribute much in signal area
with such a short experiment period and can be ignored.
There are also some minor peaks produced at longer flight times with lower
electron impact energies, but become smooth at higher energy in Figure 4.2.
(a) The peak at 170 us is the common minor peak that shows up obviously at electron
impact energy 50 eV but only slightly at 200 eV. This is probably because fragments
which are produced from lower electron impact energy have less momentum and need
more time to fly to the detector. With higher electron impact energy, fragments will
need less time to fly to the detector. Therefore, the minor peak at 170 us should be
considered as a signal peak that will merge with the major peak at higher electron
impact energies.
(b) The peak at 225 JUS is the common minor peak that shows up at the energies 50 eV,
100 eV and 200 eV. But this time, the peak is just the end side of possible mixture of
photon decay tail and the signal broadening tail at higher energies. At lower energy, the
signal tail does not broaden and shift. This is the reason that there is a left curvature at
225 \xs. No result showed in LeClair [16] that there are signals after 200 \is. This peak
should not be considered as signals.

57

Released Kinetic Energy Distributions
If the distance from the collision region to the detector and the mass of detected
fragments are known, the TOF spectrum can be transferred into the Fragment Kinetic
Energy distribution. By assuming that a two-body break up dissociation occurs during
the experiment, the Released Kinetic Energy distribution can be obtained.
The factors that will affect the accuracy of RKE distribution were discussed
separately in Chapter 2. The two most significant uncertainties are time and distance.
From the equations, the combined errors in time and in distance are propagated to the
result of kinetic energy as follows:

5RKE = 2RKE,

'<5£>Y
\ D j

+

(8t^2

(4.5)

V' J

In our experiment, the uncertainty in flight distance is half of the minimum measuring
scale, which is about 0.5 cm. The uncertainty in the time interval is half of the time bin,
which is about 0.16 us. The uncertainty in the time interval compared to the width of
electron pulse is too small to be taken into account. This way, we take the width of
electron pulse as the uncertainty time factor, which is 2 (as. The total flight distance and
flight time are 26.5 cm and 650 us.
By using equation (4.5), we can calculate the relative error in the RKE
distribution. Notice that with shorter flight time experiments, the RKE distribution will
have a significant propagation error resulting from the uncertainty of time. The width of
the electron pulse with respect to the uncertainty of time is the major obstacle to affect
the accuracy of our experiment, both TOF spectrum and RKE distribution.
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Figure 4.4

Released Kinetic Energy distributions of CO2 transferred from Time-ofFlight spectra in Figure 4.2 at various incident electron energies
indicated.
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Released Kinetic Energy distributions of C0 2 transferred from Time-ofFlight spectra in Figure 4.3 from LeClair [16].
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It should also be noted that, for all RKE distributions, the structure at longer flight
times in the TOF spectrum does not transfer into RKE distribution because the small
signals or neglected noise at longer flight times accompanying the t factor will deform
the distribution.
Along with the t factor, the peaks at longer flight times in the TOF spectrum
usually make larger contributions at a lower electron impact energy range than higher
electron impact energy range in RKE distribution. This is because the ratio between the
second and first peaks at lower electron impact energy is larger than the higher electron
impact energy.
Take the 50 eV and 200 eV in Figure 4.4 for example. The second to first peak
ratio for 50eV is greater than the one for 200 eV. The first small peak in 50 eV RKE
distribution corresponds to the minor peak at 175 \xs in 50 eV TOF spectrum.
Unfortunately, we did not see any first small peak in the 200 eV RKE distribution as
expected. This is because the minor peak at 170 us in the 200 eV TOF spectrum has
small signals; the transferred first small peak will merge into the second big peak in the
RKE distribution. The minor peak in the TOF spectrum contributes more in the RKE
distribution for 50 eV than for 200 eV.
Figure 4.4 shows that the relative height of the peak is still increasing with respect
to the electron impact energy. The maximum height still occurs at 200 eV and then
decreases.
Like the TOF spectrum, the shape of the major peak is deforming and shifting, but
with shrinking size. This is also because the t3 factor makes the slope of the peak
become sharper; it looks like the peak is shrinking. Since the major peak in the TOF
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spectrum is moving towards longer flight times, the center of the peak in the RKE
distribution should also move away at higher electron impact energy.
Like the TOF spectrum, each peak in the RKE distribution may represent a
mixture of several production channels. LeClair's work (Figure 4.5) shows that there
are also three major production channels that inversely contribute to the peak because
of the t3 factor.

Integral Cross Section
To use the Bethe-Born approximation, the constant/, and Cn should be known for
equation (2.31). From LeClair's work [16], the cross section curve has a broad peak
with maximum at 50 eV and falls off at higher energy with factor——J-. An optically
E
allowed transition appears to be the dominant production mechanism for O ('S) from
C0 2 .
It is assumed that the production channel is described by
e + C02(jT,i;/)^e'+C02(l,2;H+)^e'+Ca(x,2+)+o(15')

(4.6)

and the parent dissociating state is CO2 (1 *S u +) since it is the only state that correlates
to CO (X'l + ) and O (*S) according to Wigner-Witmer rules (Bellary et al. [29]). The
oscillator strength/, = 0.12 for the X'2 g + to 1 'S u + transition has been measurement by
Electron Energy Loss Spectroscopy (EELS) by Strickland and Green [7]. But
McConnell and McElroy [8] corrected this by a factor of 2.5 taking CO (a3TI) cascade
contribution into account. It is possible to determine the constant Cn from the fano plot,
and take the product of metastable count rate and energy versus the logarithm of
energy.
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Table 4.1

Dissociation limit energies for various possible CO2 break-up processes
from LeClair and McConkey [15].

Fragments
CO('l + )+0( 3 P)

Dissociation Limit Energy (eV)
5.45
7.42
9.64
11.49
12.31
12.97
13.46
14.60
15.68
15.84
16.54

CCX'ZVCK'D)

coc^+oc's)
3
3

CO(a n)+0( P)
CO(a' 3 I + )+0( 3 P)
CO(d3A)+0(3P)
CO(a 3 n)+0('D)
CO('S + )+0( 5 S)
CO(a 3 n)+0('S)
CO(b3S+)+0(3P)
0(3P)+C(3P)+0(3P)

C02 cross setion value

50

100

150

200

250

Energy (eV)

Figure 4.6

Calibrated cross section curves of O ('S) production for EID of CO2.
The circles are from the data of McConkey and LeClair [15].
The squares are from our experimental results.
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300

Figure 4.6 shows that the absolute cross section using the Bethe-Born
approximation. McConkey and LeClair [15] [16] reported using C„ = 0.040,/, = 0.38
(f„ = 0.12 for the X's g + to 1 ]SU+ transition and/, = 0.26 for other possible production
channels) and an average threshold energy E„ = 12.4 eV. Our calculations are using C„
= 0.085,/, = 0.36 and an average threshold energy E„ = 20 eV.
Since our work is not focusing on the threshold energy and excitation function in
detail, the chosen four electron impact energies could make the approximate curve. Our
cross section values are about 0.5 or 0.8 times less than McConkey and LeClair [15].
This is reasonable because our O ('S) production signals are about 50% less than their
results. Also, there is a slightly energy shift in the electron gun (about 10 eV) to affect
the C„ value and average threshold energy. Unfortunately, this difference is unjustified
because not all of the production channels for O ( S) from electron impact on CO2 are
known or observed.
According to the experimental results, the curve has an unexpected maximum
peak at 110 eV. It looks like the peak is shifting or broadening (or both) toward higher
electron impact energy compared to the reference work. The electron gun might have a
slight energy shift (about 10 eV) each time to cause the shifting and broadening. Since
the total experimental period of the CO2 TOF spectrum is relatively short comparing to
previous work, slightly unstable electron impact energy might not cause successful
collision to dissociate the target molecule and produce wanted metastable fragments.
Also, smoothing the TOF spectrum might deform a little bit on the maximum peak as
well as the signal area. Smoothing might cause the signal loss up to 10% of total signals
when integrating the signal area. These factors will have a significant influence on the
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curve. Fortunately, the error range of the experimental curve actually agrees with the
LeClair's work. Although the signals are 4 times less than expected, the experimental
results should be reasonably accepted since the tail is functioned as an expecting ——
E
dependence.
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CHAPTER 5
METHANOL RESULTS

CH3OH is the simplest alcohol. The molecular structure is built as H3C - O - H,
often abbreviated Me - O - H. The angle between the molecular bonds is 109°, similar
to the structure of water (H2O).

Early Work
In Bouchiha and Sanche's work [30], efforts were made on using low-energy
electron impacting on CH3OH to understand the radiation damage on biological
systems and atmospheric processes. The elastic and inelastic collisions are calculated
and three Feshbach resonances are found. These resonances lead to the fragmentation
of the molecule and the production of a variety of chemically active ions and radicals
(H\ O", OH", CH3O" or CH2OH"). The resonances correlate well with those found in
H2O but they all lie at lower energy. All three resonances have the same symmetry as
those found in water, but their widths are between 50% and 75% smaller.
In Pal's work [12], the twelve cations (CH3OH+, CH2OH+, CHOH+, CHO+, CO+,
CH3+, CH2+, CH+, C+, OH+, H2+ and H+) are produced by electron impact. The partial
single differential cross sections as a function of energy loss of incident electron is
calculated by the semi-empirical formulation based on Jain-Khare's approach.
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Partial Ionization Cross Section (PISC) for electron impact ionization of

CH 3 OHfromPal[12].
(a) CHnO+, CH 3 0 + , CH3OH+
(b) CHn+ + HnO+, CH2+
(c) CHO+, CH3+, CHOH+
(d)H + ,CO + ,H 2 +
(e) OH+, CH+, C+
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No previous experimental data shows that there is obvious O ( S) production
during electron-methanol collision. In our theory, CH3OH will need to be treated with a
three-body break-up dissociation process while CO2 is treated as two-body break-up
dissociation. In theory, 0 ('S) production from a polyatomic-like molecule CH3OH
requires at least two electrons to break the structure and the chance of getting the
desired 0 ('S) fragment is low. This is different from the diatomic-like molecule CO2
since O (!S) production only needs to be done with one electron. Compared to CO2,
CH3OH has less chance to produce O ( S) fragments. Furthermore, it is possible that
the produced 0 (!S) fragment will not have enough kinetic energy to travel to the
detector because the released kinetic energy of the parental molecule is distributed by
the possible fragments. We expect to have the ratio of cross section values between the
two target molecules less than 5 %.
Before analyzing the TOF spectrum and RKE distribution, one must understand
that it is possible for the molecular fragments to have translational, rotational and
vibrational potential energies combined together with various partitions during the
three-body break-up dissociation.

Time-of-Flight Spectra
In order to obtain a signal, the experimental period for CH3OH is set longer than
that for CO2. One big problem is that there are several different sized small peaks in
this CH3OH TOF spectrum. It is difficult to tell which peak arises from signal, a
mixture of signal and noise, or just purely noise. The background noise is not
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distinguished from the weak signals in the longer period experiment. It is required to
find a good solution to solve this problem in order to have a good result.
The approach for this problem is to separately run the experiment with and without
the target gas beam. Simply fit the second-half flight time of the noise spectrum to the
second-half flight time of the original CH3OH spectrum optimally in order to find out
the signal area. The difference between the two spectrums will be the theoretical signal
TOF spectrum.

first half

second half

first half

.second half

original

original

Figure 5.2

The optimally fitting diagram of the noise spectrum to the original
CH3OH TOF spectrum. The straight line indicates the theoretical signals
at specific time.
(a) Larger signal after subtraction.
(b) Smaller signal after subtraction.

The disadvantage of this method is that there could be a large error range in this
theoretical signal area. The theoretical signal TOF spectrum is based on how the noise
spectrum is fit to the original spectrum on the second-half flight time by the computer
program. This way, the first-half noise spectrum will be forced to reconstruct its form
(increasing, decreasing, or no change at all) at certain specific time intervals, with
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respect to the degrees of fitting. The resulting subtraction can be either larger, smaller,
or no change comparing to the real signal. The RKE distribution, excitation function
and cross section value will also be affected by using this method.

CH30H TOF spectrum

time (us

Figure 5.3

Time-of-Flight spectra for O (*S) fragments produced from electron
impact dissociation of CH3OH for long experimental period at various
incident electron energies indicated after subtracting the noise.
The two short lines indicate the signal area that will be integrated for
plotting excitation function.
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Similar to CO2, the shape of the CH3OH TOF spectrum is broadening and shifting
as the electron impact energy increases. There are possibly more than one production
channels contributing to the peaks in CH3OH TOF spectra.
The major fast peak should be considered as those signals from translational
excited O ('S) fragments because these fragments have enough energy to reach the
detector without decay. But this time this peak is shifting toward the prompt photon
peak instead. As mentioned earlier, each production channel dominates at different
electron impact energies to contribute (or deform) to the shape of major peak. From our
own predictions, the two similar peaks inside major peak at 100 eV and 200 eV TOF
spectra should indicate two different production channels. Unfortunately, no previous
experimental data can be found to support this prediction.
The minor slow peak then should be considered as those signals due to the lacking
energy to reach the detector on time. With higher electron impact energies, the
possibility of reaching the detector will become higher. This is the reason that the minor
peak becomes sharper and taller at higher electron impact energy. Again, as our own
prediction, there is only one production channel to contribute this minor peak.
After calibration, the ratio of peak height between CO2 and CH3OH is about 3 ~5
% as expected.

Released Kinetic Energy Distributions
In Liao's work [25], the RKE formula of the symmetric three-body dissociation of
water (H2O) is presented by using the conservation of momentum principle. The
CH3OH is often being compared with H2O because of the similar structure. For starter,
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we can use the symmetric formulism to calculate the RKE equations by assuming the
very simple three-body dissociation of H2O. Then, we simply develop an appropriate
formula for CH3OH based on the result.

O

CH3

Figure 5.4

O

(a)

(b)

(a) Symmetric three-body dissociation of water H2O.
(b) Non symmetric three-body dissociation of methanol CH3OH.

In the case of H2O in Figure 5.4(a), the relation between the momenta of
hydrogen and oxygen is given by
tn0v0 - 2mHvH cos a
where mQ and v0 are the mass and velocity of the oxygen.
mH and vH are the mass and velocity of the hydrogen.
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(5.1)

a is the angle between the opposite moving direction of hydrogen and oxygen,
varies from 0 to TC / 2 but can not be 71 / 2. The angle is identical for both
hydrogen atoms due to the symmetry.
The total released kinetic energy is then expressed as
1
RKE = -m0v0

2

1
2
+2--mHvH

(5.2)

By substituting equation (5.1) into (5.2), the equation will become
1
2
- mr
RKE = —mlonyv.o 1 + w
H 2cos a j

(5.3)

In the case of CH3OH in Figure 5.4(b), one of the hydrogen atoms is replaced by
the methyl group. By assuming that the scattered angle of CH3 is close to zero, the
equation then becomes
1

RKE =

2

o
—m'onyv,

2

m
l |

o{mH^H2

+mCH3VCHl)

m02v02

1+

m0mHvH2

+m0mCHivCH2

mH2vH2 +mCHZ1vCH2 + 2mHmCfi3vHvCH3cos/3^

(5.4)

where /? is the angle between the opposite moving direction of hydrogen and oxygen,
varies from 0 to TC 12 but can not be 71 / 2.
Finding out the corresponding parameters is nearly an impossible task to solve this
equation. In order to proceed, it is necessary to treat this three-body dissociation in the
simplest ideal scenario. From this assumption, it is possible to assume that CH3OH
undergoes successive two-body dissociation to replace the theoretical three-body
dissociation. In this case, the atomic oxygen goes in one direction and the rest atoms go
to the opposite. Since the atomic oxygen and the rest atoms have the same atomic mass,
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the total released kinetic energy is twice the 0 ( S) fragment kinetic energy for our
assumption.
As mentioned earlier, the first peak in RKE distribution usually corresponds to the
last peak in TOF spectrum due to the t3 factor. Figure 5.5 shows that there are at least
two production channels for each RKE distribution except at 300 eV. Due to the weak
signals from 300 eV TOF spectrum, it is hard to observe more than one production
channel. It is suggested that the small wiggles at the second peak in the RKE
distribution at 100 eV and 200 eV should correspond to two different production
channels as predicted in TOF spectra. But again, no previous experimental data or
studies can be found to support this prediction.
Furthermore, it is nearly impossible to deduce the original potential curve (in this
case should be a potential surface) of the parent molecule CH3OH due to the weak
signals and mixture of different types of excitation (translational, rotational and
vibrational). The parental excitation state of CH3OH* is not confirmed unless more
experimental data can be made.
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CH30H RKE distribution

300 eV

200 eV

leV

50 eV

0.5

1.5

1

2.5

energy (eV)

Figure 5.5

Released Kinetic Energy distributions of CH3OH transferred from Timeof-Flight spectra in Figure 5.3 at various incident electron energies
indicated.
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Correction Factors
From previous experiments, the relative target gas flow is considered to be an
important correction factor. Gases with different molecular weights will have different
flow rates through the capillary tube that injects the target gas to collide with the
electron pulse beam. Other factors that will affect our accuracy are the target gas
density and detection efficiency. If the environment contains high target gas density,
there are more collisions and greater signals. With more signals coming to the detector,
the detector efficiency will play an important role in correction.
According to the theory, the total amount of signal produced should be linearly
proportional to the source pressure because it is a one-on-one collision experiment.
Simply, one electron impacts on one target molecule and then produces one detected
metastable fragment. At a lower source pressure, because less target gas molecules
come out of the capillary tube, the total amount of signal received by the photomultiplier tube is actually linearly proportional to the source pressure. Unfortunately, at
higher pressure, the total amount of signal is polynomially proportional to the source
pressure. This is probably because there are more target gas molecules injected from
the capillary tube, hence in the collision region. This way, second-electron-impact
collisions with the metastable fragments as well as the molecules can happen easily.
With more metastable fragments traveling to the xenon surface of the cold finger, more
signals are produced and there is a high possibility of causing the signal traffic jam
inside the photo-multiplier tube. The detection efficiency is then another critical issue
to affect accuracy in this situation.

76

A very useful method introduced here can take care of the accuracy factors
without knowing each factor individually. First, plot the metastable (signal) count rate
as a function of source pressure. This polynomial curve represents the actual intensity
after all possible collisions including second-electron-impact collision. Second, extend
the linear curve at a low source pressure. This linear curve represents the expected
intensity for simple one-on-one collisions only. Then, the correction value
corresponding to each specific source pressure is obtained by calculating the relative
intensity ratio between the two curves.
The advantage of this method is that the detection efficiency doesn't have a major
effect on the accuracy. The relative intensity ratio already includes detection efficiency
itself and it is easy to measure and calculate. From our experiments, our relative
intensity ratio for CO2 is about 4.2, corresponding to 4.5 torr source pressure.
Unlike CO2, the total amount of signal that CH3OH produced at higher source
pressure almost has the same linear relationship as it did at lower source pressure. In
other words, the total amount of signal can be written as a comprehensive linear
function of source pressure. In our assumption, the ratio is assumed to be 1 for
correction value since the dependence is the same for both pressure regions.
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Figure 5.6

Metastable O ( S) count rate as a function of the source pressure for
C0 2 .

0.02

o*
3

4

pressure (torr)

Figure 5.7

Metastable O ('S) count rate as a function of the source pressure for
CH3OH.

78

Integral Cross Section
By using the relative flow technique, the unknown cross section value of
CH3OH can be calculated from the known cross section value of CO2. Since the mean
free path of the target beam is much greater than the inner diameter of gas jet tube, the
whole experiment is under molecular flow condition. Under this condition, the number
density can be replaced by source pressure in equation (2.37) and equation becomes
RJ I P

a = a-

Rm

(5.5)

I'P'

As in our prediction, we should observe the maximum cross section value of CH3OH at
approximately 50 eV, similar to CO2.

0

50

100

150

200

250

300

350

Energy (eV)

Figure 5.8

Calibrated cross section curve of O (*S) production for CO2 and CH3OH.
The CO2 data are from McConkey and LeClair [15].
The CH3OH data (square) are from the experimental results and the
curve is fit by computer program using the polynomial fitting.
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Table 5.1

Metastable (signal) count rate ratio between CH3OH and CC^at various
incident electron impact energies indicated.

Energy (eV)
50

RM Ratio
(CH3OH/CO2)
0.08

(10 17 cm2)
1.68

a (CH3OH)
(10 17 cm2)
0.13

100

0.03

1.55

0.05

200

0.05

1.26

0.07

300

0.01

1.03

0.02

tf(C02)

From Figure 5.8, the maximum cross section value of CH3OH occurs near 50 eV
as expected by using the polynomial fit of the experimental data. From Table 5.1, the
metastable count rate ratio (cross section ratio) seems a little greater than the
expectation by 2-3 % at 50 eV. This result is reasonable since more signals are being
produced at this electron impact energy range.
There is a little bend-over curvature at 190 eV possibly because the electron gun
power shifted just like in the CO2 experiment. Both TOF spectra have the error
(uncertainty) in energy shift under the same condition but CH3OH TOF spectra
experience longer experimental periods than CO2 to avoid the energy shift problem.
The ratio of normal metastable count rate of CH3OH and less metastable count rate of
CO2 gives the little curvature in the excitation curve of CH3OH.
The CH3OH curve follows a likely E1 dependence. From Chapter 2, this
behaviour indicates that the electron impact excitation is from the optical forbidden
transitions in the parent molecule for the predicted three production channels. More
experimental data and further studies should be made in order to have more details of
these production channels in order to confirm the prediction.
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CHAPTER 6
CONCLUSIONS

Conclusion
Because of the weak signals of metastable O (]S) fragments produced from
electrons impacting with CH3OH, it is difficult to plot the excitation curve or cross
section. Instead, the excitation curve and cross section values can be calculated by
using the relative flow technique. By using the molecule CO2 as the reference, we
simply measure the metastable (signal) count rate ratio between the two gases which
will determine the integral cross section value of the molecule CH3OH.
The relative flow technique is not a perfect but acceptable method because of the
following reasons:
The metastable O ('S) fragment production comes from the two-body dissociation
of CO2, or the three-body dissociation of CH3OH. It is very rare to have the two
electrons simultaneously impacting on the target molecule to produce the 0 (*S)
fragments in the case of CH3OH three-body dissociation. Ideally, the electron-impactCH3OH is treated by assuming it is the two-body-like dissociation while analyzing the
TOF spectrum and RKE distribution. In practice, the metastable O ('S) count rate is
dropped to 1% ~ 8% but still a good approximation. This assumption is applied for the
excitation curve and cross section values.
It is assumed that the emission of O (]S) fragment is isotropically distributed.
Also, there is no dependence of the detection efficiency on the velocity of O (*S)
fragments. However, there are still some slower O (!S) fragments from both CO2 and
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CH3OH showing in TOF spectrum. These O ('S) fragments may be less effective in
penetrating the xenon surface and hence a smaller quantum efficiency. Therefore, the
cross section values are presented as the lower limits to the actual values.
The molecular masses of CO2 and CH3OH are different. CH3OH has a mass that
is two thirds of the CO2. Under the molecular flow condition, the number density can
be replaced by source pressure with little correction because of the similar molecular
masses. For both CO2 and CH3OH, the correction factor values are taken into account
to adjust the experimental results.

Improvements
Because the peak of metastable production is composed of a metastable signal, a
long tail of prompt photon signal and noise, it is important to isolate the metastable
signals from the other two.Several recommendations for improving the future
experiments are made listed below.
To isolate the metastable signal from prompt photon signal, one possible solution
is to narrow the width of the electron pulse. Shortening the electron pulse will shorten
the spread of the whole TOF spectrum to give sharp signal peak. It will be easier to
identify the dominant production channels which result in the signal peak. It is also
easier to subtract the exponentially long photon tail to obtain the metastable count rate
with sharp signal peak. The RKE distribution will also have less uncertainty because of
the short electron pulse which is discussed in Chapter 2.
To isolate the metastable from noise, one possible solution is to adjust the
discriminator level. The discriminator level can be set easily because high metastable
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signals from a gas like CO2 are about 5 to 10 times to the noise signals. On the other
hand, for low metastable count rate gases like CH3OH, the discriminator level should
be set at a very specific point just to block the noise but not the metastable signal. It is
nearly impossible for CH3OH experiments because the metastable signal is less and not
so distinguished from noise signals for such a long experimental period.
A better solution is suggested for isolating the metastable signal from prompt
photon signal and noise. A plexiglass shutter is attached to a rotary feed-through to
block the metastable O ('S) fragment from reaching cold finger. This way, the excimer
XeO* will not be produced. On the other hand, prompt photons can still pass through
the glass and be captured. Hence, the prompt photon and noise spectrum will be
obtained.
With more accurate experimental data, the error range of the cross section values
will be reduced if the relative flow technique is applied.
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CHAPTER 7
FUTURE WORK

For the regular experiments, the electrons impacting with the molecules will
possibly dissociate the parent molecule and produce the metastable fragment. For
comparison, we introduce a microwave generator to dissociate parent molecules into
fragments before reaching the collision region. The electron pulse will then excite the
fragment O to its metastable excited state. In the future, the molecules like O2, N2O,
H2O, CO2 and CH3OH will be studied with and without the microwave generator to
have further discovery.

Microwave Generator
The microwave generator (MPG-4M) provides reliable, highly stable source of
microwave power. It has two separate power meters for the simultaneous monitoring of
forward and reflected power levels. The output of the microwave generator is through a
standard Type-N connector mounted on the front panel. This microwave generator
provides microwave discharges to dissociate target molecular gases in our experiment.

Channel Electron Multiplier and Metastable O (5S)
Other than O (!S), another interesting metastable fragment O (5S) is measured by
a channel electron multiplier (Burle / Galileo) for experimental calibration. The channel
electron multiplier is a single-particle detector placed 10 cm away from the collision
region in the main chamber.. It has two vertical grids with 2 mm space in order to block
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the unwanted fragments such as ions, electrons or quench Rydberg species from
reaching its surface. The two grids are set to have the same electric potential as the
collision region.
Normally, the excited atom possibly releases a photon and return to its ground
state. The other option is that the same energy transferred to the released photon can
also be replaced by the emission of the second electron, namely Auger electron, in the
atom. In our case, when the metastable fragment O (5S) reaches the channel electron
multiplier, the atom will return to its ground state and the Auger electron will be ejected
out from the atom. At the end, the channel electron multiplier will then capture this
Auger electron and sends a signal to its output.

Table 7.1

Dissociation limit energies for various possible CO2 break-up processes
from McConkey [2] and Misakian et al. [19].

Fragments
CO(x'Sg+)+0(HR)
CO(a3IT)+0(5S)
CO(a' 3 2 + )+0( 5 S)
CO(a 3 n)+0( 5 P)-->0( 5 S)

Dissociation Limit Energy (eV)
19.0
20.6
21.5
21.7

CO(b3E+)+0(5S)
CO(a 3 n)+0(HR)
CO(B'S+)+0(5S)
CO(a'3S+)+0(HR)
CO(j 3 I + )+0( 5 S)
CCKc^+O^S)
CO(c 3 n)+0( 5 S)
CO(b32+)+0(5P)-->0(5S)
CO(E'n)+0( 5 S)
CO(d3A)+0(HR)
CO(B'S + )+0( 5 P)-->0( 5 S)
CO(e3£")+0(HR)

25.0
25.0
25.5
25.9
26.0
26.1
26.1
26.1
26.2
26.5
26.6
26.9

CO++0(HR)
0(5S)+C(3P)+0(5S)

33.0
34.5
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Time of Flight Spectra and Threshold Energy
The Time-of-Flight spectrum for 0 (5S) production by electron impact on CO2 has
shown in Figure 7.1. The threshold energy of O (5S) is found to be 27 eV in our
experiment in Figure 7.2. Another Time-of-Flight spectrum for 0 (5S) production under
100 W discharged energy is made to compare with the result at 100 eV in Figure 7.3.
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Figure 7.1

Time-of-Flight spectra for O (5S) fragment produced from electron
impact dissociation of CO2 at various incident electron energies.
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200

Figure 7.2

Uncalibrated excitation curve for O ( S) fragment produced from
electron impact dissociation of CO2 at various incident electron energies.

600

Figure 7.3

Time-of-Flight spectrum for O (5S) fragment produced from electron
impact dissociation of CO2 at 100 eV.
The triangles are normalized under 100 W discharged energy.
The squares are normalized without discharged energy.
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An interesting discovery shows that the non-discharged TOF spectrum has shrunk
at the beginning of 20 ms. For example; the peak at 30 ms (peak A) in the nondischarged TOF spectrum has similar shape corresponding to the peak at 34 ms (peak
A) in discharged TOF spectrum. The same thing happens again with 41 ms and 42 ms
(peak B). This structure shifting again may be cause by the same energy shift (about 10
eV) of the electron gun in Chapter 4. Comparing our O (5S) threshold energy 27 eV to
the minimum threshold energy 20.6 eV, there is a 6.4 eV energy shifting. Again, more
data should be taken in the future in order to have better results.
According to Ajello [24] and McConkey [2], many possible production
channels can happen above the minimum threshold energy 20.6 eV in Table 7.1.
Usually, the curve without microwave discharges has contributions from multiple
production channels, including the possible second electron impacting on the
fragments. Similarly, the curve with microwave discharges can be viewed as the extra
electron impacts on the atom O or the molecule CO to produce the excited O (5S).
In our predictions, the difference between the two curves may eliminate the
excited O (5S) by the possible second electron impact. This will help the future
scientists to focus on the identification of the lost specific production channels.

Suggestion
With this interesting discovery, it is encouraged to repeat the previous several
experiments with this mechanical scheme to narrow down the possible production
channels only caused by the single electron. The Bethe-Born approximation and the
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integral cross section value will be more accurate if more production channels can be
identified solely.
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